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Revealing a new charge density wave order in TbTe3 by optical conductivity and ultrafast
pump-probe experiments
R. Y. Chen, B. F. Hu, T. Dong, N. L. Wang
Beijing National Laboratory for Condensed Matter Physics,
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
Rare-earth tri-tellurium RTe3 is a typical quasi-two dimensional system which exhibits obvious charge density
wave (CDW) orders. So far, RTe3 with heavier R ions (Dy, Ho, Er and Tm) are believed to experience two CDW
phase transitions, while the lighter ones only hold one. TbTe3 is claimed to belong to the latter. However in this
work we present evidences that TbTe3 also possesses more than one CDW order. Aside from the one at 336 K,
which was extensively studied and reported to be driven by imperfect Fermi surface nesting with a wave vector
q = (2/7c∗), a new CDW energy gap (260 meV) develops at around 165 K, revealed by both infrared reflectivity
spectroscopy and ultrafast pump-probe spectroscopy. More intriguingly, the origin of this energy gap is different
from the second CDW order in the heavier R ions-based compounds RTe3 (R=Dy, Ho, Er and Tm).
PACS numbers: 78.30.Er, 78.40.Kc, 75.50.Cc
I. INTRODUCTION
Collective phenomena, such as density waves and super-
conductivity, are of fundamental importance in condensed
matter physics. The coexistence and competition between
them are among the key issues in a number of highly in-
terested materials. Charge density wave is a symmetry bro-
ken state of metal induced by electron-phonon interactions.
As the name implies, the charge density along with the lat-
tice distortion are periodically modulated at its ground state.
CDW is predominantly driven by nesting of Fermi surface
(FS) which requires the presence of two patches of almost
parallel FSs connected by a wave vector qCDW . A single parti-
cle energy gap would form in the nested region of the FSs.
CDW instability usually appears in low dimensional mate-
rials, e.g. one-dimensional (1D) K0.3MoO3,1 2D transition
metal dichalcogenides,2 whose FSs are relatively simple and
in favor of FS nesting.
RTe3 is a typical quasi-2D material, with one layer of cor-
rugated RTe slab and two sheets of square Te planes stacking
along the b-axis.3 It is of orthorhombic structure, but the lat-
tice parameter a and c only have tiny difference. Band struc-
ture calculation reveals that the FS is only associated with Te
planes and the diamond shape of it is highly appropriate for
nesting.4 CDW ordering was first discovered by transmission
electron microscopy (TEM) in this system.5 Then a bunch of
following experiments, such as X-ray diffraction (XRD)6,7,
scanning tunneling microscopy (STM)8 and angle resolved
photoemission spectroscopy (ARPES)9,10, confirmed the con-
clusion and indicated that CDW transition commonly appears
in this system at quite high temperature, driven by FS nesting
with an incommensurate wave vector q = (2/7c∗). Further-
more, by traversing R ions from La to Tm, the chemical pres-
sure of RTe3 increases due to the decreasing of R radii and the
electronic structure alters correspondingly. As a consequence,
the CDW transition temperature increases monotonically as
the mass of R ions decreasing. For the lightest ones, the tran-
sition temperatures are expected to be even higher than their
melting temperature.
Among the large family of RTe3, the ones with heavier R
ions (Dy, Ho, Er, Tm) are illustrated to experience two CDW
transitions,11 while the lighter ones only undergo one.7 The
second transitions occur at lower temperatures with a nesting
wave vector whose magnitude is almost equal to the first one
but orients at perpendicular direction, along a∗-axis. More-
over, the transition temperature evolves in an opposite trend in
contrast to the first one. Angle resolved photoemission spec-
troscopy (ARPES) reveals that the first CDW transition is of
imperfect nesting, thus a second one is possible due to nesting
of the remaining FS. Apart from that, the gapped area of FS
caused by the first transition decreases as R radium decreas-
ing. Therefore, the available area for the second one increases,
which leads to the increasing of phase transition temperature.
As the nearest neighbor of DyTb3, which experiences two
CDW transitions, TbTe3 is believed to hold only one near
335 K, illustrated by various techniques such as infrared
reflectivity spectroscopy,12 XRD,7 and ultrafast pump-probe
spectroscopy.13 Recently, a report14 on TbTe3 using high res-
olution XRD claimed that the compound experiences a sec-
ond CDW transition at 41.0±0.4 K with a nesting wave vector
along a∗-axis, following the evolution trend of the other heav-
ier RTe3s, and the two CDW orders coexist with each other
independently. In order to shed light on the underlying mech-
anism of coexist and competition between different CDW in-
stabilities, it is essential to investigate the CDW transitions
and evolution in TbTe3 more scrupulously. Here, we use op-
tical spectroscopy combined with ultrafast pump-probe spec-
troscopy, both of which are powerful techniques for detecting
energy gaps in bulk materials, to probe the charge carrier dy-
namics. Unexpectedly, our measurements reveal the presence
of a new CDW order near 165 K, besides the first one seen
above the room temperature. This new CDW order does not
follow the trend of second CDW order observed for the heavy
rare-earth element based RTe3 compounds in both transition
temperature and energy scale of CDW gap. Therefore, it is
different from the second CDW order reported by Banerjee et
al.14.
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FIG. 1: (Color online) Temperature dependent resistivity of TbTe3.
Cooling and warming cycles are shown by solid and dashed lines
respectively. TC1 is marked by the green dotted line.
II. RESULTS AND DISCUSSION
Plate-like single crystals with shining surfaces are grown by
self-flux method. Figure 1 shows the in-plane dc resistivity as
function of temperature T, which was measured using a stan-
dard four-probe method in a physical property measurement
system. At high temperature the resistivity shows metallic be-
havior until a sudden upturn appears at TC1, a signature of
CDW phase transition.7 Blow TC1 the resistivity approaches
to a maximum around 300 K. Then metallic temperature de-
pendence is observed once again at lower temperature and no
anomalies ever exist down to 2 K, which implies that there
seems to be only one phase transition. With the cooling and
warming cycle, no hysteresis is observed.
The optical reflectance measurement was performed on a
combination of Bruker Vertex 80V and 113V spectrometers in
the frequency range 40-25000 cm−1 . An in situ gold and alu-
minum overcoating technique was used to get the reflectance
R (ω). The real part of conductivity σ1(ω) is obtained by the
Kramers-Kronig transformation of R(ω).
The main panel of Fig. 2 (a) shows the in-plane reflectance
up to 5000 cm−1 at various temperatures, while the inset dis-
plays the expanded spectra up to 22000 cm−1 at two selected
temperatures. Metallic behavior is clearly observed from both
temperature and frequency dependent change, in agreement
with the resistivity measurement. The reflectance at low fre-
quency is very close to unit and increases upon cooling, re-
vealing that TbTe3 is a good metal. The most significant
feature in spectra R(ω) is the substantial suppression in the
mid-infrared region. At the highest temperature, R(ω) evolves
rather smoothly below 5000 cm−1 and approaches to unit at
zero frequency. Upon temperature cooling, we notice that a
broad dip gradually emerges between 1500 cm−1 and 4500
cm−1 ; it is quite weak at room temperature but gets more
dramatic at lower temperatures. Additionally, the center of
the dip shifts to higher frequency with temperature decreas-
ing, around 3000 cm−1 at 10 K. The above mentioned charac-
ters are strong evidences for the formation of an energy gap.
Apart from that, a shoulder like feature located roughly at
2000 cm−1 appears at 100 K and becomes more pronounced at
10K. This infrared absorption feature is indicative of another
energy gap.
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FIG. 2: (Color online) (a) Temperature dependent reflectivity of
TbTe3 below 5000 cm−1 . The inset shows R(ω) in an expanded range
up to 22000 cm−1 at 10 K and 350 K. (b) Temperature dependent op-
tical conductivity below 5000 cm−1 . The short dotted lines display
the Drude-Lorentz fit of 10 K.
The conductivity spectra σ1(ω) is plotted in Fig. 2 (b) with
solid lines. Corresponding to the good metal property, the
Drude component exists in the whole measurement tempera-
ture range. With temperature lowering, however, part of its
spectral weight is removed to higher frequencies due to the
opening of energy gap and leads to a broad peak around 3000
cm−1 . For a density wave phase transition, the spectral fea-
ture in frequency-dependent conductivity has been well es-
tablished. The opening of an energy gap would cause a pro-
nounced peak just above the energy gap in σ1(ω), primarily
due to the effect of the case-I coherent factor for density wave
order. Consequently, we ascribe the strong suppression in
R(ω) and the corresponding peak in σ1(ω) to a CDW phase
transition. Furthermore, the energy scale of the gap can be
identified roughly at the peak position in σ1(ω), which locates
at 3600 cm−1 (450 meV). Along with the phase transition tem-
perature, we can get the ratio 2∆1/κBTC1 = 15.8, much higher
than the weak coupling theory prediction.
Notably, for 10 K and 100 K an additional peak develops
around 2100 cm−1 in associate with the shoulder-like feature
in R(ω) spectra. As a consequence, there should be a second
CDW gap opening in the temperature range between 200K
and 100K. Unfortunately the infrared reflectivity spectroscopy
3TABLE I: Fitting parameters of σ1(ω) for 350 K and 10 K. ωP is the plasma frequency and γD = 1/τ is the scattering rate of free carriers. ω j,
γi = 1/τ j and S j represent for the resonance frequency, the width and the square root of the oscillator strength of Lorentz terms, respectively.
The unit of all the fitting parameters is (× 1000).
ωp γD ω1 γ1 S 1 ω2 γ2 S 2 ω3 γ3 S 3 ω4 γ4 S 4
350 K 50 1.53 7.0 7.0 28 24 10 33
10 K 23 0.23 2.1 0.79 11 3.6 1.6 35 7.0 6.9 30 24 10 33
is incapable of determining the phase transition temperature.
Nevertheless the energy scale of this gap can be obtained as
2∆2 = 2100 cm−1 (260 meV). Combined with the phase tran-
sition temperature identified by our pump-probe measurement
to be 165 K, the ratio of 2∆2/κBTC2 = 18.3 is even higher than
the first transition.
In order to get more information quantitatively, we use
Drude-Lorentz model to decompose the conductivity σ1(ω)
into different components:
ǫ(ω) = ǫ∞ −
ω2p
ω2 + iω/τ
+
∑
j
S 2j
ω2j − ω2 − iω/τ j
. (1)
Here, ǫ∞ is the dielectric constant at high energy, and the mid-
dle and the last terms are the Drude and Lorentz components,
respectively. The Drude term represents for itinerate electrons
while the Lorentz terms are used to describe excitations across
energy gaps and interband transitions. The spectrum of 350 K
can be well reproduced by one Drude and two Lorentz terms.
In contrast, two additional Lorentz terms have to be added to
reproduce the two peaks at 3600 cm−1 and 2100cm−1 due to
the opening of two energy gaps, indicated by dotted lines in
Figure 2 (b). Meanwhile, the spectral weight of Drude com-
ponent is substantially removed. The resonance frequencies
of the last two Lorentz components are temperature indepen-
dent, indicating that they should be ascribed to interband tran-
sitions. The fitting parameters of 350 K and 10 K are shown
in Table 1.
It is well known that the square of plasma frequency ωp is
proportional to n/m∗, where n is the number of free carriers
and m∗ is the effective mass of electrons. Drude-lorentz fitting
yield ωp to be 50000 cm−1 at 350 K and 23000 cm−1 at 10 K.
Assuming that the effective mass of free carriers is constant at
different temperatures, the remaining FS area at 10 K is only
21% of that at 350 K. Namely, 79% of the free carriers are
removed away because of the two CDW gaps. The width of
the Drude peak indicates the scattering rate of the free carriers
γ = 1/τ, where τ is the average life time of free carriers. It
is shown in Table 1 that γD ≈ 1530 cm−1 at 350 K but drops
sharply to γD ≈ 230 cm−1 at the lowest temperature. Even
though the FS area are mostly gapped away, the scattering
rate of the residual free carriers decreases in a greater mag-
nitude, which explains why the conductivity is getting even
larger upon temperature cooling.
The above conclusion is against with many other ex-
perimental results which indicated only one phase CDW
order.9,12,13 In order to further substantiate the two CDW
gaps revealed by optical spectroscopy, we performed ultra-
fast pump-probe spectroscopy, which has been proven to be
a very effective tool in discerning small energy gaps15–17. A
Ti sapphire oscillator was employed, which produces 800 nm
laser pulses with 100 fs width and 80 MHz repetition rate.
The pump and probe beams were cross polarized, and an ad-
ditional polarizer was mounted just in front of the detector in
order to eliminate the influence of stray light. The pump in-
tensity was set to be ∼ 2µJ/cm2 and the probe intensity was
10 times lower.
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FIG. 3: (Color online) The photoinduced reflectance of TbTe3
throughout the first phase transition. The inset shows transient re-
flectance at 200 K. The spectra are slightly smoothed for the sake of
better observation.
Figure 3 displays the photoinduced change of reflectance
∆R/R below and above the first CDW phase transition tem-
perature. Each spectrum consists of a fast initially rise, due
to temperature change induced by pump pulses, and a sub-
sequent picoseconds relaxation which can be fit by a single
exponential function ∆R/R = Aexp(−t/τ), where A is the am-
plitude of transient reflectance and τ is the relaxation time
for photon excited carriers decaying to their original states.
The extremely long relaxation dominated by thermal diffu-
sion is not considered here except for the fitting procedure.
Above the transition temperature TC1, amplitude A and relax-
ation time τ are almost temperature independent, while both
of them get enlarged in a great magnitude by entering the
CDW state. Moreover, below TC1 the amplitude increases
upon temperature cooling while the relaxation time evolves
in an opposite fashion. As will be explained in detail later,
this is a powerful proof of energy gap opening. The temper-
ature dependent A(T ) and τ(T ) can be extracted by single ex-
4ponential fitting for various temperatures, which are plotted in
figure 4 (a) and (b) respectively. A(T ) rises sharply at 331 K
and the relaxation time τ(T ) shows a quasidivergence at the
same temperature, in associate with the first CDW transition.
As temperature decreasing, a sudden upturn emerges at 165
K in the A(T ) plot, and a peak like feature develops subse-
quently. This behavior is not observed in the previous pump-
probe measurement13, but quite resembles to what appears be-
low TC1 only that there is no clear corresponding anomaly in
the relaxation time τ(T ).
Actually the single exponential fitting of photoinduced re-
flectance is not so perfect as expected due to the appearance
of oscillations by entering the CDW state. In order to show
the oscillations more vividly, we plot the spectrum at 200 K,
taken under a pump fluence of ∼ 8µJ, in the inset of Figure 3.
The frequencies could be obtained through Fourier transfor-
mation of the net waves, which are yielded by subtracting the
single exponential part of the spectrum. Within the limitation
of resolution, we found the 2.1 THz amplitude mode and a 1.8
THz phonon as reported by R.V. Yusupov et al.13
For the purpose of better understanding, we use Rothwarf-
Taylor (RT) model18 to interpret the results and try to offer
more information. RT model is a phenomenological model
initially being proposed to explain the ultrafast relaxation
mechanism in superconductors, according to which the SC
energy gap would give rise to a bottleneck to the decay of
photon excited quasiparticles (QPs). When the pump beam
illuminating on the sample, Cooper pairs would be broken
and excited over the SC gap to higher energy levels. Thus
a large number of QPs are created, the decaying of which
would generate phonons with energy ω > 2∆. The high
frequency phonons could break more Cooper pairs in return,
bringing about avalanche to the relaxation of QPs. Therefore a
long relaxation time is expected corresponding to the energy
gap formation. Based on this model, the density of excited
quasiparticles nT can be gotten via the amplitude of ∆R/R,
nT ∝ [A(T )/A(T → 0)]−1 − 1. Then in associate with the ther-
mal quasipaticle density nT ∝
√
∆(T )Texp(−∆(T )/T ), ∆(0)
can be acquired by19,20
A(T ) ∝ εI/(∆(T ) + κBT/2)
1 + γ
√
2κBT
π∆(T ) exp(−∆(T )/κBT )
(2)
in which εI is the pump intensity and γ is a fitting parameter.
Although RT model is proposed to explain the bottleneck
effect in a superconductor due to the opening of pairing energy
gap, it is widely used to interpret similar effects of decay time
increase in CDW materials (e.g. K0.3MoO3,20 RTe3,13 tran-
sition metal dichacogenides21) or even in heavy fermion sys-
tems with the presence of hybridization energy gaps22,23. We
use equation (2) to fit the temperature dependent amplitude
and the result is shown in Figure 4 (a). Since the energy scale
of the first CDW gap is extremely large as revealed by opti-
cal spectroscopy, phonons or other bosonic excitations with
comparable energy are definitely absent. Assuming that ∆(T )
obeys the BCS temperature dependence, RT model is opera-
tional only in a narrow temperature range just blow TC . The
fit procedure above 200 K yields γ = 10 and 2∆1 = 14κBTC1,
roughly in consistent with our infrared measurement, apply-
ing ∆(T ) = ∆(0)√1 − T/TC.
The most outstanding feature of τ(T ) is a quasidivergence
at 331 K. According to RT model, the relaxation rate near
TC is dominated by the energy transfer from high frequency
phonons with ω > 2∆ to low frequency phonons with ω < 2∆,
whereas the electron-phonon collisions could be neglected.
The phonon relaxation rate can be express as19
1
τph
=
12ΓωκBT
′
∆(T )
~ω2
(3)
where Γω represents for the Raman phonon linewidth and T
′ is
the QP temperature. Apparently, τ−1(T ) ∝ ∆(T ) in the vicin-
ity of TC , thus a divergence is expected at the phase transition
temperature where energy gap starts to open. Consequently,
the sudden increase in A(T ) and quasidivergence in τ(T ) il-
lustrate unambiguously the appearance of an energy gap, al-
though the transition temperature identified here is a little bit
lower than its real value because of heating effect. As shown
by the red line in Figure 4 (b), τ(T ) is well reproduced by
equation (3).
50
100
150
200
0 50 100 150 200 250 300 350
0.0
0.5
1.0
1.5
2.0
 exp data
 RT fit
(a)
 
 (x
 1
0-
6 )
 
 
TC2
 exp data
 RT fit
T (K)
(p
s)
(b)
 
 
FIG. 4: (Color online) Temperature dependent (a) amplitude A(T )
and (b) relaxation time τ(T ). The solid lines are fitting results ac-
cording to RT model.
Apart from that, the sudden upturn appearing at 165 K
could be ascribed to another gap even though there is no diver-
gence near TC2 in the relaxation time plot. Similar behaviors
have been disclosed by ultrafast pump-probe spectroscopy for
HoTe3 and DyTe3,13 both of which experience two CDW tran-
sitions. Since only a small part of the Fermi surface becomes
gapped through the second transition, which is reasonable
considering its tiny spectral weight in σ1(ω), the influence
5of this gap to the relaxation process could be neglected and
the supposed divergence at TC2 would be too weak to be de-
tected. Another thing needs to be noticed here is that the real
phase transition temperature should be a little bit higher than
the measured value (165 K), due to heating effect.
Previous report of the X-ray diffraction7 in TbTe3 also pro-
vides clues on the existence of a second gap. The temperature
dependent order parameter exhibits an apparent dip at approx-
imately 150 K, which was considered as an experimental arti-
fact by the authors. As a contrast, for ErTe3 which is believed
to experience two CDW phase transitions, the small dip in or-
der parameter plot is viewed as the interaction between the
two anomalies. Based on our experimental observations, we
believe that the dip feature of TbTe3 should indicate a second
phase transition as well.
Distinct from our results, the ARPES measurements con-
ducted on TbTe3 by Schmitt et al.24 at 100 K show only the
first CDW transition. This may be caused by the limitation of
energy and momentum resolution. Compare to the first phase
transition which actually removed most part of the low fre-
quency spectral weight in optical conductivity, the new CDW
order at lower transition temperature is a much weaker fea-
ture. Therefore, ARPES measurements at 100 K might be too
high to get good enough energy and momentum resolution.
Furthermore, one has to be very careful in searching for the
region of energy gap formation. Apparently, further study in
ARPES is needed on resolving the issue specifically.
Before conclusion, we shall elaborate the difference be-
tween the second CDW order observed here and the one
reported by Banerjee et al. at much lower transition
temperature.14 As we mentioned, it is well known that the
RTe3 system with R ions heavier than Tb (Dy, Ho, Er, Tm) ex-
periences two CDW transitions, both of which originate from
the nesting of FS, with wave vectors of almost the same mag-
nitude but perpendicular to each other. Moreover, the second
phase transition temperature decreases as the radii of the R
ions increasing. The second CDW phase transition reported
by Banerjee et al. at 41 K follows this trend. By contrast,
the CDW phase transition near 165 K is completely out of
this trend. In an earlier optical spectroscopy study on one
of the heavy rare-earth element based compound ErTe3 (with
TC1=267 K and TC2=150 K), we clearly observed the devel-
opment of the second energy gap at the energy scale of ∼ 890
cm−1 .25 If the second CDW phase transition at 41 K is present
in our TbTe3 sample, we should observe the energy gap at
even lower energy scale. However, in our experiment, no sig-
nature of this phase transition was seen. Instead, we find an
energy gap feature at much higher energy scale (2100 cm−1 or
260 meV) and the identified transition temperature by pump-
probe experiment is also much higher, severely violating the
revolution trend of heavy RTe3s. Obviously, the newly dis-
covered gap in this work is out of any catalog that is already
known. It is worth noting that the infrared measurement of
CeTe326 shows similar results as TbTe3, with a second CDW
transition emerging below 200 K. These two materials may
have the same mechanism, which is mysterious and requires
for more systematic and meticulous experiments in future.
III. CONCLUSION
To conclude, we have performed optical spectroscopy and
ultrafast pump-probe measurements on the single crystalline
TbTe3 compound. Optical conductivity demonstrates clearly
the formation of two CDW gaps with the energy scales of
3600 cm−1 (450 meV) and 2100 cm−1 (260 meV), respec-
tively. The ultrafast dynamics of QPs confirmed the existence
of two CDW orders and identified the transition temperature
to be TC1 =336 K and TC2 =165 K. The higher temperature
one is well known before while the lower one is never discov-
ered in any other experiments. This new CDW order does not
follow the trend of second CDW order observed for the heavy
rare-earth element based RTe3 compounds in both transition
temperature and energy scale of gap, therefore it should have
a different origin from the RTe3 compounds with heavier R
ions.
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